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Abstract
Concept and Operation of Robotic Nondestructive Testing Systems for Space Exploration
Objectives
Drew M. Goodman

Interaction with asteroid bodies is an important component of the upcoming NASA
Asteroid Redirect Mission (ARM) and further space exploration. To provide in-situ material
identification for exploration objectives, two robotic nondestructive testing (NDT) systems titled
the Impact Sensor (IS) and Robotic UPV were proposed. The IS device is based on the impact
hammer NDT approach. While an impact hammer relies solely on a rebound value, analysis was
conducted to determine if impact force-time histories could provide similar information. The IS
prototypes consisted of impact mechanisms, as well as; a force torque sensor (FTS) and 7 degree
of freedom (7-DOF) robotic manipulator—two components slated for robotic exploration
missions. The first IS prototype, titled the IS-1; was designed to retrieve impact centric metrics.
Two prototype iterations—the IS-1 and IS-2—were designed, tested, and evaluated in this work.
Due to parameters inherent to the selected FTS and impact mechanism, IS-1 test results did not
display material correlations. However, analysis of IS-1 results provided the guidelines for a
second prototype. The IS prototypes were tested on analog materials to gather force-time metrics
and create material correlations. The robotic integration of the UPV system (robotic UPV
system) involved creating suitable attachments to integrate UPV transducers with 7-DOF robotic
manipulators. The robotic UPV design consisted of Proceq’s Pundit PL-200 UPV system with
FTS and robotic manipulators. The testing focused on evaluating operational parameters and
system integration using precise robotic placement. Specifically, robotic UPV testing analyzed
effects from transducer force, transducer alignment, transducer type, transducer angular offset,
and specimen length. Each robotic UPV test was conducted with concrete specimen varying
from 1-6m length. For both NDT systems the proof-of-concept was confirmed. From IS-2 test
results, correlations between material and force-time history metrics were observed. In addition,
correlations were observed between robotic UPV magnitude and the transducer force, transducer
type, transducer angular offset, and beam length variables. From IS-2 and robotic UPV test
results, operational parameters were suggested for both systems. With continued advancements,
both robotic NDT systems show promising capability to meet space exploration objectives.
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1. Introduction
Near earth asteroid (NEA) property characterization is beneficial to increase space
exploration mission efficiency and duration. A mission’s efficiency and duration can be
increased if resources can be excavated from objects along the journey. Before excavation for
resources, interaction (e.g. anchoring and manipulation) with NEAs is necessary. It is unwise to
select an anchoring and/or drilling bit if the strength range of the material is unknown. To aid
extra-terrestrial object interaction, in-situ characterization of the material must be performed. To
ensure human exploration mission success, precursory robotic missions for NEA characterization
and technology development are optimal.
The National Aeronautics and Space Administration’s (NASA) Asteroid Redirect
Robotic Mission (ARRM) is a precursory robotic mission to a crewed mission. Motioned for
launch in 2020, the objective of ARRM is to retrieve a multi- ton asteroid from a larger NEA, and
place the smaller asteroid in lunar distant retrograde orbit [1] [2]. Prior to NASA spacecraft
rendezvous with the NEA, information about the smaller asteroid’s composition and mechanical
properties will be sparse. To successfully capture, manipulate, and secure the smaller asteroid
from the NEA’s surface, a non-destructive system for coarse characterization of asteroid
mechanical properties is advantageous.

To address needs for non-destructive asteroid property determination, in ARRM and
other space exploration applications, the Robotic In-situ Surface Exploration System (RISES)
has been developed. The RISES project incorporates robotic and mining non-destructive (NDT)
system research. Specifically, this thesis will cover experiments with two robotic NDT
systems—the Impact Sensor (IS) and robotic UPV systems. It is known that FTS and 7-DOF
robotic manipulators are slated components for ARRM [1] [2]. Therefore, it was hypothesized
that beneficial information could be obtained by integrating each NDT device with FTS and a 7DOF robotic manipulator to:


Evaluate their applicability to robotic precursor missions (Proof of Concept)



Suggest standards for operation
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To address these objectives, relevant literature will be reviewed to provide justification
for the methods selected and further testing. Then the research approach, project organization,
and preliminary NDT testing will be discussed. For each robotic system the following sections
will provide details on the designs, tests conducted, analysis methods, and results collected. The
final section will discuss the results, operational parameters, and implications for each system.

2

2. Literature Review
2.1 NEA Overvie w
To properly select RISES ground test samples an understanding of the formation,
composition, and properties of NEAs is necessary. The contemporary models of planet formation
can be used to explain asteroid formation. The models describe the origin of planets as
interstellar dust particulate within nebula gas growing from a nanometer to centimeter scale. The
particulate grows randomly through continuous collision and fusion to become kilometer scale
boulders. The boulders’ gravitational attraction causes it to rapidly accrue objects with lesser
mass. Boulders that grow to a scale of 1000 km or greater then form the solar system’s protoplanet population. The remaining objects encompass the asteroid and comet population [3]. Of
the asteroid population, NEAs are the asteroids that, at least once, “approach or cross Earth’s
orbit [4].”

The formation of NEAs is the initial step of proto-planet formation. Thus, the mineral
building blocks of proto-planets (e.g. Earth’s moon) are likely the same as NEAs. From this
theory, the approach to estimating an asteroid’s surface mineral composition is to perform solar
photometric and spectroscopic measurements and compare them to known values of terrestrial
minerals [3]. With such comparisons, NEAs can be classified by the Tholen classification
scheme’s S-class, C-class, and X-class asteroid groupings. The S-class is composed of asteroids
with mainly siliceous content (i.e. basalt and olivine). The C-class has silicates but includes
volatiles (e.g. water content and organic molecules). The X-class includes metal rich asteroids
and asteroids of varying content [5]. For ARRM the current NEA candidates are C- and S-class
mineral types [2].

Due to the micro- gravity environment and nature of asteroid formation, the properties of
most NEAs can be analogous to a “rubble pile.” The fact that solid silicates have a density of
approximately 3 g/cm3 , and the collective NEA’s average density range is 1-1.5 g/cm3 validates
the “rubble pile” analogy [3]. The collective average density is not surprising because the range
of C- and S-class asteroid porosity estimated by Britt et. Al. was found to be 5-80% [6]. The
mass of most NEAs is on the metric multi- ton scale. The effective diameter of NEA’s, calculated
from analysis of the NEA’s albedo, to range from 0.1 km to 32 km [3]. The diameter range of the
3

selected ARRM NASA targets is 320-870 m. Furthermore, the desired mean diameter of the
smaller asteroid to be retrieved from the ARRM selected NEA is 2-4 m [2]. From the mineral
composition of the S- and C-class, it can be inferred that the properties of the ARRM smaller
asteroid will be the same as the properties of the selected NEA’s silicates. From a spectral study
of the composition of chondrites compared to asteroid spectroscopy, Dunn et. Al. found that the
most abundant silicates in asteroids are pyroxenes and olivine (i.e. basalt) [7].

For successful manipulation, capture, and retrieval of the smaller asteroid the primary
characteristics of concern are the bulk properties (e.g. compressive strength, density, modulus of
elasticity, and Poison’s ratio). Of the bulk properties the most commonly observed in terrestrial
rock mechanics is the unconfined or uni-axial compressive strength (UCS). Because of varying
factors (e.g. site procured, anisotropy) rock types have ranges of UCS. To discover a rock type
UCS range, a compressive strength test must be performed. Typically the compressive strength
test involves taking multiple core samples, usually of cylindrical shape and a specific length-todiameter ratio, and applying compressive forces at each specimen end until failure [8]. For
terrestrially weathered basalt, the general range of UCS is 70-338 MPa [9] [10][11][12]. UCS
testing forms the validation, or “truth” data, to correlate to non-destructive testing metrics.

2.2 Rock Nondestructive Testing Methods Overvie w
There are a variety of nondestructive testing (NDT) methods in the field of terrestrial
rock mechanics [13]. These methods are applied both in the field and laboratory setting to
acquire information on the material’s mechanical properties and internal structure. For simplicity,
rock testing NDT methods will be grouped into electrical and mechanical NDT methods [14].

2.2-1 Electrical Methods
Common electrical NDT methods include the: resistivity measurement [15], eddy current
[16] [17] [18], and radiographic methods [14]. Because these methods were not selected for
RISES evaluation, they will be generally discussed. Specifically, each method’s concept and
removal from RISES selection will be discussed.
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The electrical resistivity method involves calculating the apparent resistivity of a rock by
introducing a direct current into the material. The apparent resistivity (in Ohm- meters) metric
can correlate to the material’s porosity, water content, and structure. Electrodes at the surface
introduce a current to the material, and the electrical potential is measured with two more
electrodes. This process is repeated for several locations. The potential differences at several
locations provide a pattern to understand specimen composition and structure. A main advantage
of the resistivity method is its ability to sensitively map the structure and water content of low
strength specimens. However, because of the resistivity method’s sensitivity, the produced
results yield a multi- factor dependence. Because the method’s results depend on several factors,
the results tend to be arduous to understand and not repeatable. Even with extensive analysis and
prior knowledge of the specimen, the resistivity method may not yield a unique result. Thus,
extensive calibration of the set up and prior knowledge of specimen properties are essential for
the resistivity NDT method’s success [15]. Because prior information about the asteroid
specimen will be sparse for ARRM, this method was not selected for RISES evaluation.

The eddy current method [16] originates from the principles of electro- magnetic
induction. The standard method introduces an alternating current to an electro- magnetic coil that,
in turn, induces a swirling magnetic field within a conductive material. The direction of the
induced magnetic field can be inferred from Lenz’s law, and the magnitude of the field can be
inferred by Maxwell’s equations [17]. Typically, a receiver coil is either spread out or coupled
with the source coil to measure electric potential difference across the sample [14]. Other
methods will analyze the uniformity of the alternating current from the induced field [16]. To
analyze an anisotropic and inhomogeneous specimen’s electromagnetic measurement results,
three dimensional finite difference methods from Maxwell’s equations are used [18]. By using a
finite difference method on the results across the specimen’s surface, voids and weak zones of
the specimen can be found. However, if the specimen does not have conductive material,
quantifiable results for the strength inferring finite difference scheme are not plausible.
Furthermore this method is subject to interference from other electromagnetic devices, and thus,
can yield non- unique results [14]. Due to possible electro- magnetic field interference and meager
knowledge of the ARRM asteroid target’s material conductance, this method is not optimal for
RISES evaluation.
5

The radiography based electrical NDT methods introduce “penetrating radiation” waves
to the specimen and use either the reflected or collected backside radiation to approximate
specimen properties. Common radiation types used in this method are electromagnetic radiation
(e. g. gamma radiation, and x-radiation [16]). Where the depth/size of the specimen is not known
or backside access is not available, the reflectance method is used. The radiographic reflectance
NDT method uses ground penetrating radar (GPR). Where FM band radio waves are
continuously emitted by the GPR, and the reflected wave’s time of travel and amplitude are used
to infer specimen composition and strength [14]. The collected backside radiographic NDT
methods use either a film, or computer to construct a sectional image [16]. With a constructed
radiographic image an understanding of specimen discontinuities and structure can be inferred. A
permanent test record is created through radiographic NDT methods with little sample
preparation. However, only non-conducting materials will create a test record. Furthermore,
these methods require long exposures needed for record creation [14]. Thus, without knowledge
of the material conductance this NDT method is not advantageous for RISES evaluation. If the
spacecraft and sample do not remain anchored, the long exposure times can make radiography
unsuitable for RISES evaluation.
2.2-2 Mechanical Methods
Common mechanical NDT methods include mechanical wave surveying [19] [20] [21]
and impact response measurement [22] [23][24]. Both of these NDT methods have vast use in
the fields of mining and civil engineering. More detail will be provided for these mechanical
methods because they form the basis for the RISES robotic NDT systems.

Common mechanical wave surveying methods are the seismic [19], ultrasonic [20], and
acoustic emission [21] methods. These methods introduce mechanical waves by piezo-electric
transducers into the test specimen to obtain metrics for property estimation. The motion of a
mechanical wave within a material is a phenomenon, in which, energy is transferred by
harmonious particle movement. When moving on the specimen’s free surface, the waves are
characterized by a perpendicular movement called Love-waves or an ellipsoidal movement
called Rayleigh waves. When moving through a body, the wave motion is typically characterized
by two types of movement: a parallel longitudinal motion, or a perpendicular transverse motion.
Because the longitudinal wave motion has been proven to be much faster than the transverse
6

wave motion, the longitudinal motion waves are called primary waves and the transverse motion
waves are called secondary waves.

A standard metric of primary and secondary waves used for correlation to material
strength is average wave velocity. Some methods of measuring average wave velocity include
direct transmission, refraction, and pulse-echo methods. The direct transmission method of
measuring wave velocity uses a piezo-electric transducer to send a primary-wave through the
specimen, to the receiver for viewing by a data logger. By the transient scheme, the length
between transducers (ΔL) divided by the time delay between the transmitted and received signal
(ΔT) is the wave’s average speed (Vp ) (Equation 1) [14]. The steady state scheme uses several
wave frequencies (f) and the ratio of length between transducers (ΔL) to the difference in phase
angle (Δθ) to calculate the average wave speed (Vp ) Equation 2 [14].

Equation 1

Equation 2

For both schemes the term of attenuation has significance. Attenuation refers to internal
or geometrical dissipation of wave energy (i.e. amplitudes) over the length of a medium. Interna l
attenuation (Equation 3) can be due to several factors (e.g. dry frictio n) and is modeled by the
exponential law. In Equation 3, alpha (α) is the dissipation constant modeled by Equation 4 and r
is the radius from the source. To calculate alpha (Equation 3), the source frequency, primary
wave velocity, and the material Q- factor constant are needed. Geometrical attenuation arises
from specimen dimensions and structure; it is modeled by raising the signal path distance (r) to
the negative power (n) (Equation 5). The n-variable for Equation 5 is determined by wave type.
For primary and secondary waves n=1; for Love and Rayleigh waves n=0.5. Understanding the
internal and geometric attenuation in a specimen aids in understanding the necessary source
wave frequency for direct transmission.
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Equation 3

Equation 4

Equation 5

The direct transmission analysis has the advantage of globally assessing the properties of
the specimen sub-surface from average metric values. However, for certain applications, having
only the average wave velocity is not optimal. Furthermore, this analysis does not provide direct
information of specimen discontinuity size or location [14] [25].

The refraction analysis method of the NDT wave surveying involves estimating specimen
properties by measuring refracted primary waves. To create a refracted primary wave, the wave
source must create a wave that increases from the free surface (e.g. a detonation). Furthermore,
for the signal path to change direction, the specimen composition must be a series of overlaid
homogenous materials. Primary waves in a homogenous material follow a straight line path, and
the wave path is refracted once a new material is encountered [17]. When a wave is refracted, a
portion of the wave is reflected back into the previous material. A discontinuity can be perceived
by the occurrence of a head wave. The head wave occurs after the wave has entered another
material, and is characterized by a faster average velocity in the received wave of the previous
material. At the surface of the previous material, the head wave will travel at the speed of the
wave in the newly encountered material. With transducers or accelerometers at the surface and a
data logger, a time-distance or travel-time diagram can be made. Extrapolation of the time-travel
diagram provides a mapping to understand the depth of each layer in the specimen, and the wave
velocity in each material. The travel-time diagram can also provide a mapping to understand the
depth of discontinuities in the specimen. This analysis has the advantage of providing a global
mapping of the specimen. However, the speed of the induced waves must be increasing from the
free surface in each material of the specimen. To achieve this increasing wave velocity a large
vibration or detonation is necessary [14] [25].
8

The pulse-echo, or impact-echo, analysis uses reflected waves from discontinuities.
However, the wave source for the pulse-echo analysis originates from either an ultrasonic
transducer or impact device instead of a detonation. If an impact device or impact hammer is
used, the source impulse provides both primary and secondary waves. The transducer or
accelerometer at the surface will encounter multiple series of resonant vibrations between the
discontinuity and the free surface. Frequencies from the surface vibrations are measured, and
with a known path/material thickness the secondary wave velocity can be approximated. This
analysis has the advantage of being able to measure global and local specimen discontinuity
without a large vibration or detonation source. However, continual calibration of the system is
needed to determine accurate discontinuity depth [14] [25].

All of the above testing analyses apply to seismic, ultrasonic, and acoustical wave
surveying. Within each testing method, the frequency range and/or equipment used can vary. A
standard transmitter frequency for seismic wave surveying is 50 Hertz [14]. In contrast,
ultrasonic wave surveying of rocks use frequencies on the range of 20 kilo-Hertz (kHz) to 500
kHz. Acoustic emission surveying uses frequencies of 10 Hertz to approximately 20 kHz [25].
Accelerometers with resonance range of 50 Hz to 40 kHz are used in seismic wave surveying.
Piezoelectric transducers are used in acoustic emission and ultrasonic wave surveying. The wave
source for seismic surveying is either a resonant hammer or detonation [14][25]. For acoustic
emission surveying the source of waves are micro-cracks formed by applying stress to the
sample [21]. For ultrasonic wave surveying the vibration of a piezoelectric transducer provides
the wave source [20]. All mechanical wave surveying methods require a data acquisition and
logging system to analyze the collected waveforms. The primary wave speed for rocks in all
methods can range from 1000-5000 m/s [25].

All mechanical wave surveying methods have the ability to detect global and local
discontinuities, as well as, approximate material properties of the structure. However, these NDT
methods can require specimen surface preparation or coupling gel for the transducers. In addition,
due to the sensitivity of the equipment calibration is required. Furthermore, knowledge of the
receiver lay out is needed [14].

9

Impact response NDT mechanical methods rely on metrics collected from the impact of
the surface and an indenter to approximate specimen properties. Specifically metrics from the
indenter’s rebound are used to correlate to mechanical properties [14]. Common devices that use
indenter rebound metrics to estimate properties are the Schmidt Hammer [22], Equotip/Leeb
Hammer [23], and Scleroscope [26] devices. Each of these hammer devices have similarities and
differences in regard to device operation and composition. Furthermore, the process of metric
extraction and correlation of metrics to specimen properties are similar and different for each
hammer device.

The Schmidt Hammer (SH) invention dates back to 1951 [22]. Figure 1 displays the
components of a SH. The SH uses a mass-spring system to control the impact energy of a
hammer that impacts a plunger pressed up against the specimen. The input energy, controlled by
spring extension, determines the type of SH. For rock and mineral testing, the L-type SH is used
with an input energy of 0.735 J [23]. Operation of a standard SH is displayed in Figure 2.
Extension of the spring is created by pressing the
hammer into the sample (Figure 2 (a-b)). At the
spring extension for desired impact energy the
hammer is unlatched and driven to impact with the
plunger (Figure 2 (c)). After the hammer’s impact
with the plunger (Figure 2 (d)), the hammer rebounds
to a maximum height where the Schmidt Rebound
(SR) can be measured by moving a sliding indicator
or measured by a sensor system [27]. The SR is onehundred multiplied by the ratio of hammer rebound
height to hammer release height [22].

Figure 1: Schmidt Hammer Diagram
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Figure 2: Operation of a Schmidt Hammer
The Equotip, a commercial Leeb Hammer (LH), uses a spring driven impact system to
create an impact between a body with a spherical indenter and the specimen. However, instead of
using the SH’s method of pressing into the specimen to load the mass-spring system, the LH uses
operator drawback and release to store elastic potential energy and begin the impact phase. The
range of impact energy for an LH device is 0.003-0.2J [23] [28]. To address operator error the
LH’s impacting body contains a permanent magnet and inducting coil. The movement of the
magnet within an inducting coil induces a current. The impact and rebound velocity are
measured by monitoring the induction coil’s current. The comparison of the rebound to the
impact velocity multiplied by one-thousand is the LH’s rebound metric, called the Leeb number
[23].

The Scleroscope is quite possibly the oldest impact hammer method, dating back to 1923,
and has similar composition and operation to the LH and SH [26]. The Scelerscope was created
for general purpose surface hardness testing, but has found use in rock and mineral surface
strength approximation [29]. Similar to the LH, the original Scleroscope stores potential energy
11

for impact by operator pullback [26]. In contrast to the LH and SH, the Scleroscope impact
energy is driven by gravity instead of a spring. However, several types of Scleroscopes exist and
some use a change in pressure input by a diaphragm to load and drive the hammer [29]. The
Scleroscope uses a conical diamond indenter instead of a flat hammer or a spherical indenter. In
the rebound phase the Scleroscope hammer is caught at the peak of its rebound by a latching
mechanism. The latching mechanism also serves as an indicator, similar to SH operation,
revealing a rebound metric called the Scleroscope hardness. Like the Schmidt hardness the
Scleroscope hardness is a ratio of the input hammer height to output rebound hammer height, but
on a scale of 0 to 140 instead of 0 to 100.

Other hammer methods exist; however, they are more or less combinations of the
equipment and processes pioneered by the SH, LH, or Scleroscope devices. For instance, the
Duroscope is another impact hammer device with the same impact procedure as a SH, but with a
conical indenter—like the Scleroscope—and a lesser input impact energy—like the LH [30].
Some methods add additional technology to the standard impact hammer to improve or derive
entirely new metrics. There has been testing performed with shock grade accelerometers to
approximate surface UCS [14].

Shock grade sensors can measure up to 40 kHz [31]. By

attaching an accelerometer or piezoelectric sensing device to the hammer, it is theorized that the
longer time duration or greater magnitude of the impulse correlates to specimen UCS [14].

To correlate the rebound metric for specific devices to a specimen UCS a number of
linear, curvilinear, power, logarithmic, and exponential equations can be used depending on rock
type and extraction site conditions [32] [23] [29]. Typically the average SR for slightly soft to
strong rocks ranges from 10-80 [32][33]. The Leeb hammer was designed for rock testing. Thus,
the Leeb rebound metric for rocks ranges from 0-1000. Because the Scleroscope was originally
created to test metals, the Scleroscope hardness numbers found for rocks tend to range from 10110 [29] [24]. All of the impact hammer methods have the advantage of portability, simplicity,
and time-efficiency. Each method can be used in the field or laboratory setting. However, due to
the pure mechanical nature of most of these devices, continual device calibration is necessary.
For a single specimen multiple impacts must be performed at several locations with an impact
hammer to approximate the average surface strength [34]. Furthermore, there are still
12

discrepancies in efficient procedure (e.g. number of impacts and distance between impacts) for
these devices [23] [32] [24]. For the SH, low strength non- homogeneous rocks may not return a
value [14]. Furthermore, each device measurement has an inherent variance for a given UCS [23]
[32][24]. Especially in the field, the effects of surface roughness and various environmental
influences (e.g. extreme temperatures) are not certain [34][8].

2.3 Details of the selected supporting baseline NDT methods
Considering equipment requirements, environmental conditions, and current available
data two NDT methods were selected by the RISES research team: the impact hammer approach
and ultrasonic pulse velocity (UPV) surveying. A benefit of testing both methods is the reduction
of approximation error by using two metrics for UCS correlation. Using the UPV and SR to
approximate specimen UCS is called the SonReb method. The SonReb method has a unique
efficiency because it approximates specimen UCS from metrics relating to both surface (SR) and
sub-surface (UPV) material characteristics. However, current studies for the SonReb method
were conducted with limited data. One example of a SonReb UCS predictive model with primary
wave velocity (Vp ) and SR inputs is given in Equation 6 [35]. To support the RISES robotic
integrations, greater detail is needed on the statistical theory and standards behind the two
selected methods.

Equation 6

2.3-1 Schmidt hamme r theory and standards
Operation of the SH and basics of the SH are given in section 2.2-2. Greater detail on the
mathematics behind the Schmidt rebound number can be given by Equation 7, Equation 8,
Equation 9, and Equation 10. SH theory relies on the conservation of energy principle to
approximate the dissipated energy (D) from the impact (Equation 7) [17]. The energy efficiency,
e, can either be approximated by comparing the input and output hammer positions or velocities
(Equation 8 and Equation 9). The formal equation for the SR is described by Equation 10.

D= 1-e

Equation 7
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Equation 8

Equation 9

SR=100*e

Equation 10

To correlate the Schmidt hammer to UCS the standard models of equations are linear,
logarithmic, power, and exponential (Table 1) [35]. The predictive models in Table 1 form a
basis for SR curve- fitting [35]. For reference, some predictive models for SR to UCS correlation
with rock type and UCS range can be found in Table 2 [35][33]. Due to local site conditions and
differences in test procedure, several models exist for specific rock types.
Table 1: Model Basis for Schmidt Hammer to UCS Correlation, from [35]
Model

Predicti ve Model

Linear
Logarithmic
Power
Exponential

Table 2: Further Predictive Models of UCS from Schmidt Rebound value
Rock Type

Predicti ve Model

UCS Range (MPa)

Quartzite [35]

207-627

Carbonates, Sandstone, Basalt [33]

40-112

Granite [33]

11-266

Prasinite [33]

8-145

Granite [33]

6-196

Limestone, Sandstone [33]

11-259

Coal [33]

3-13

Sandstone, Siltstone, Mudstone, Seatearth [33]

12-73
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To provide a foundation for results comparison ASTM and ISRM created standards for
Impact hammer testing [34] [36]. Table 3 summarizes these guidelines. These guidelines formed
the procedural basis for RISES traditional and robotic integration Schmidt hammer testing.
Notice the standards do not provide guidelines for testing in extreme atmospheric conditions (e.g.
low temperature).
Table 3: ASTM and ISRM standards for Schmidt Hammer Testing
Descripti on

ASTM

Specimen
Quality

The test surface shall be free of jo ints, fractures, or
other obvious localized discontinuities.

Surface
Quality

Moisture
Specimen
Diameter
Specimen
Length

Core Hol der
Core Hol der
Placement
Testing Area

The test surface of all specimens shall be smooth to the
touch. If the surface of the test area is heavily textures,
grind it s mooth with an abrasive stone.
Record or docu ment moisture condition of the core
specimens. The qualitative condition can be reports or a
more exact method can be used such as ASTM
Standard Test Method D2216.
Drill core specimens shall be NX (54.7 mm) o r larger
core.
Drill core specimens shall be at least 15 cm in length
The core holder may be a steel V-block or steel cradle
with a semi-circular mach ined slot with a min imu m
mass of 20 kg to wh ich specimens are securely held
with some type of clamp ing device.
Place steel base on a flat, level surface that provides
firm, rigid support, such as a concrete floor.
Position the hammer not less than one diameter fro m
the edge of the specimen.

Test locations shall be separated by at least the diameter
of the plunger, and only one test may be taken at any
one point.
Measurement Record the height of the plunger rebound to the nearest
Precision
whole nu mber.
Test
Locations

ISRM
Specimens should be intact (free o f visib le
cracks), petro-graphically uniform and
representative of the rock mass domain
being characterized.
Test surfaces should be smooth and free
of dust and particles. Fine sandpaper can
be used to smooth the surfaces of cores.
Cores should be air dried or saturated
before testing. The degree of moistness as
a whole should be recorded as wet, moist,
or damp.
Cores should be ≥ 54.7 mm size for the Ltype hammer.
Length of cores should be large enough to
accommodate suggestions of testing area
and locations to gather 20 readings.
Specimens should be clamped to a steel
base (weight >=20 kg). Core specimens
should be placed in an arc-shaped
mach ined slot.
The steel base should be located on firm,
flat ground.
Impact points should be one radius away
fro m the nearest end of the core
specimens.
Rebound values should be recorded fro m
single impacts separated by at least a
plunger diameter.
Mean values should be rounded off to the
nearest integer.

Number of
Readi ngs

Record ten values at representative locations on the
specimen.

For data gathering, 20 rebound values
should be recorded, stop test when any ten
subsequent readings differ only by four
units.

Data
Reduction

Calculate the average of the ten readings obtained for
each specimen to the nearest whole number. Discard
readings with average variance more than seven units.
Fro m the remain ing readings, calculate the average,
mode, range, and median HR for the specimen.

No readings should be discarded, and the
mean, median, mode, and range of the
readings should be fully presented.
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2.3-2 UPV Direct Transmission Theory and Standards
With primary wave UPV measurements, the standard predictive models used for
correlation to UCS are displayed in Table 4. The standard models for UPV to UCS correlation
are of similar form to SR and UCS correlation. For reference, Table 5 displays some predictive
models that are often used for correlating UCS to primary wave velocity. The power model in
row one of Table 5 is the standard model for correlation of UPV primary velocity to UCS. The
predictive models in Table 5 are for predicting UCS of different rock types [35].

Table 4: Model Basis for UCS Correlation to UPV Primary Wave Measurement, from [35]
Model

Predictive Model

Linear
Logarithmic
Power
Exponential

Table 5: Further Predictive Models of UCS
from UPV Primary Wave Measurement, from
[35]
Predictive Model

Rock Type
general
general
volcanic
general
general
sedimentary
Coal
Serpentinites
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As with the SH, UPV testing also has a set of standards to aid in results comparison [37]
[38]. Table 6 displays these standards that formed the basis for baseline UPV testing and the
standards for robotic UPV system testing. Notice that these guidelines also do not address UPV
testing in extreme environments. Furthermore, the standards do not state a specific number for
applied transducer to sample pressure or force.
Table 6: ASTM and ISRM Standards for UPV Testing and Data Analysis
Descripti on

ASTM

ISRM

Specimen Quality

Specimens cannot be
significantly anisotropic.

No features that compro mise the
integrity of the specimen.

Surface Quality

Smooth, flat samples are
preferred

Smooth, flat samples are preferred

Moisture

Specimen Di mensions

Testing can be conducted at
any moisture content as long as
it is consistent throughout
testing
Travel d istance of the wave
has to be at least ten times the
grain size

Mi ni mum Wavelength

At least 3 times the grain size

Opti mum Transducer
Frequency

Optimu m frequencies are
determined by sample size,
shape, rock type, etc. but
commonly used frequencies
are between 75 kHz - 3M Hz

Calcul ati ons

Can be determined at any moisture
content
Length of the specimen has to be at
least ten times greater than the grain
size
Determined by the shape of the
specimen
Optimu m frequencies are determined by
sample size, shape, rock type, etc. but
practical frequencies are between 50 500kHz

Depend on one set of equations Depend on the shape of the sample

Select on the waveform the
Determinati on of Pulse Travel
time when the first break of
Ti me
consistent manner occurs
Any shape is acceptable as
Specimen Shape
long as the surface is smooth
and flat
May improve the energy
Application of Coupling gel transmission between the
sample and transducers
Varies when testing in-situ
Coupling stress
conditions

Select the time wh ich the signal fro m
the transmitter meets the receiver.
Bar, block, and slab shapes are
preferred. Other shapes are acceptable
but not discussed
Necessary to "ensure efficient and
uniform" energy transfer
Varies with rock type and degree of
micro -structural damage
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2.4 Summary
The review of relevant literature provided insight into NEAs, NDT methods, Schmidt
Hammer theory, and UPV theory. The review of NEAs provided an understanding of asteroid
formation, bulk properties, classification, and composition. Noteworthy properties of NEAs are
their 5-80% porosity, collective density of 1-1.5 g/cm3 , and 0.1-32 km mean diameter
range[6][3]. Furthermore NEA composition typically contains basalt, which has a compressive
strength range of 70-338 MPa [7][9][10][11][12]. However, the exact composition of the ARRM
target specimen is unknown. The ARRM target may include several other materials, and have a
greater porosity than terrestrial basalt. Thus, a NDT system that can approximate specimen
strength outside the range of basalt is needed.

The review of rock NDT methods displayed information about several electrical and
mechanical methods. The electrical resistivity, eddy-current, and radiographic methods were not
optimal for extra-terrestrial NDT testing because they required a priori knowledge of the
material’s conductance, long exposure times, or extensive calibration [14][15][18][19]. While
the mechanical methods may require some surface preparation (e.g. rock abrasion) and
calibration, they provide relevant metrics that can correlate to the materials compressive
strength—in the field or laboratory [14][27]. Thus, two mechanical methods were reviewed for
the RISES project.

Because of the system requirements, environmental conditions, and available data the
Schmidt Hammer (SH) and ultrasonic pulse velocity (UPV) direct transmission methods were
selected for RISES development. The SH device impacts a specimen with an energy controlled
by the internal hammer-spring extension. The maximum rebound height of the hammer
compared to the input height is the Schmidt Rebound number (SR). The SR correlates to UCS
through rock type and site specific regressions [27][32][35]. The UPV direct transmission
method involves transmitting a mechanical wave between two in- line transducers to measure the
signal travel time. With the known distance between transducers and measured signal travel time,
the UPV magnitude can be calculated (Equation 1). Alike to the SH, UPV can correlate to UCS
through rock type and site specific regressions. Because both methods can correlate to UCS,
regressions the sonreb method was created to use both SR and UPV to approximate UCS. On
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average, equations using both SR and UPV to correlate to UCS are more efficient [14][20][35].
For most optimal result recording and analysis, both methods have ASTM and ISRM standards
(Table 3 and Table 6) [34] [37].

Both the SH and UPV direct transmission methods are applicable for RISES development.
However, SH literature does not mention using impact force-time history metrics for material or
UCS correlation. Thus, the concept of coarsely approximating UCS range with an impact
mechanism, force-torque sensor (FTS), data-acquisition computer, and robotic manipulator is
novel. Because the signal travel time, for UPV calculation, is transmitted and received via
piezoelectric transducers, correlating from force-time history data is not advantageous for the
robotic UPV system. However, a commercial UPV system integrated with an FTS can be
beneficial for measurement quality control. Thus, the missing information in UPV method
literature are the values for the minimum transducer force, allowed transducer lateral
misalignment, allowed transducer angular offset, or the maximum specimen length. For optimal
measurements, all of these parameters must be evaluated prior to in-situ robotic characterization.
Thus, the RISES project proposed to integrate a commercial UPV system, FTS, and a robotic
manipulator to evaluate minimum UPV operational parameters.
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3. Research Approach
3.1 Proposed Innovations and Project Organization
Specifically, the proposed innovations entail two non-destructive devices integrated with
a force-torque sensor (FTS) and a robotic manipulator. The first is designated as the Impact
Sensor (IS) system and consists of a mass-spring end-effector. The IS system incorporates the
full force-time history of the impact to retrieve metrics for structural correlation. The IS system
has been supported by baseline controlled strength and low-temperature analog SH testing [39].
The L-type Rock Schmidt from Proceq Inc. was the selected device for baseline testing.

The second innovation is titled the robotic UPV system. The robotic UPV system
incorporates a commercial UPV system with FTS and robotic manipulator systems. Forward
kinematics of the manipulators is used to extract the distance between transducers, and signal
time of travel is extracted from the UPV data acquisition system. Robotic UPV system testing is
supported by baseline testing on controlled strength and low-temperature analog UPV testing.
The Proceq Inc. PL-200 system has been used for all testing. Furthermore, the Proceq Inc. Pundit
lab is the data acquisition and sonic viewing system used fo r signal emission and collection.

The RISES project consisted of two teams, the mining team and the robotics team. The
mining team performed baseline and low-temperature testing with the traditional NDT devices to
support and advise robotic operations. Furthermore, the mining team selected specimen for
robotic testing, and performed destructive testing to validate specimen parameters. The robotics
team performed design, analysis, and testing operations with the robotic integrations for NDT
evaluation. This work will focus on the prototypes, analyses, and experiments conducted by the
robotics team.
3.2 Specimen Procurement
To have an adaptable and robust characterization system, it was necessary to procure
specimens that envelope a greater strength range than terrestrial basalt. In addition, the rock
materials selected were based on commercial and local rock quarry availability. For all systems,
the rock samples consisted of limestone, chalk, and shale. Before robotic system testing all of the
samples were tested with the traditional NDT and destructive systems for baseline validation and
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evaluation. The results are summarized in Table 7 (for testing details see [39]); these results
confirm that the rock samples cover a vast range of mechanical properties as predicted.

For the IS system, early tests were conducted on metal, plastic, and fibrous materials that
were readily available. Further IS tests used the previous test materials, and; concrete, rock, and
controlled strength cement-sand materials. For the robotic UPV system concrete specimen with
varying length were tested.

Table 7: Baseline Evaluation of Rock Analogs
Property

Unit

Li mestone

Barnett Shale

Austin Chalk

(--)

10

15

15

(--)

51 – 62

41 – 53

19 – 26

(g/cm3 )

2.60 – 2.77

2.47 – 2.62

1.84 – 2.01

(m/s)

5,826 – 7,084

4,080 – 5,582

3,026 – 3,611

(MPa)

43 – 205

72 – 127

10.6 – 14.8

Number of S peci mens
Tested
Schmi dt Rebound
Density
P-Wave Veloci ty
Uniaxial Compressive
Strength
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4. The Impact Sensor (IS) System
4.1 The IS-1
4.1-1 Design Approach
Prior to impact mechanism design, FEA simulations were conducted with ANSYS
software. FEA simulations investigated estimations of impact metrics (e.g. maximum force,
impulse, and duration) for different materials. Explicit dynamics simulations were executed for a
steel-on-steel impact and a steel-on-elastomer impact. Explicit dynamics is a suitable analysis for
non- linear contact analysis, and high/low velocity impact [40].

The simplified model shown in Figure 3 was created to simulate impact with minimal
boundary condition effects. The model consists of a steel projectile measuring 19 x25mm
(diameter x length) with a mass of 0.056kg. The fixed sample (to be impacted) measured
250x600mm in length. The projectile was offset from the sample a distance of 0.01mm and
supplied an arbitrary velocity of 10 m/s. To negate effects from uneven impact, the displacement
of the projectile was constrained to be normal to the samples impact surface. Force and velocity
probes were attached to back of the projectile to provide data for impact metric approximation.

Figure 3: FEA Simulations Model Geometry
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Table 8 summarizes the results of the steel-on-steel and steel-on-elastomer FEA
simulations. The impulse duration for each material was selected from the largest change in the
projectile’s velocity probe values. In Table 8 column 4 the average force was calculated by
integrating values from the force probe date over the impulse duration. Because the average
force from elastomer impact was approximately 0.19% that of the steel impact, further
investigation of impact metrics via impact sensor testing was justified.
Table 8: Summary of FEA Simulation Results
Sample
Material
Steel
Elastomer

Impulse, N-s

Duration, ms

Average Force, N

0.433
0.206

0.0130
3.35

32,800
61.4

4.1-2 Design
The Impact Sensor-1 (IS-1) prototype, shown in Figure 4, was designed to impact a sample
with known impact energy and record the impact force-time history using a JR3 FTS. For
reference, specifications for the JR3 are shown in Appendix A-1 IS-1 Technical Details. The JR3
FTS has been used for laboratory development of ARRM and satellite servicing systems. Thus,
the JR3 FTS was selected to align RISES research with realistic technology used for mission
development.

Figure 4: Conceptual Diagram of IS-1 on JR3
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The IS-1 prototype includes several components as illustrated in Figure 4. The adapter
plate serves as the connection between the IS-1 and the JR3 FTS, and is used to transmit IS-1
forces to the FTS. Normal forces were recorded behind the hammer to be more analogous to
probe placement from FEA simulations. The central tube houses and guides the spring- hammer
mechanism, which provides the input potential energy for impact and governs the subsequent
motion of the system. The selection of the spring was based on the necessary spring constant and
deflection needed to reach N- and L-type impact energies. The carriage synchronizes the motion
of the hammer to the motion of the linear slide, with minimal friction, and provides the gripping
point for manual drawback of the hammer-spring system. Adjustable latches located on opposing
sides of the central tube secure the carriage assembly in the desired position, and are released to
initiate movement of the system.

4.1-2 Testing
Two tests were conducted using the IS-1 prototype. In each test, samples were impacted
with N-type and/or L-type SH energy. The first test incorporated a variety of materials including:
steel, aluminum, polypropylene, concrete, and pine. During this test the size and shape of the
sample were not controlled. Thus, the sample boundary conditions were not consistent between
materials. The second test was designed to control variance between sample materials. To
control variance from material structure polypropylene, concrete, and pine from the first test
were replaced with bronze and cast iron samples. To eliminate variance due to sample geometry,
the second test analyzed samples of uniform shape and size. Details of the controlled variables
for each test are displayed in Table 9.

Table 9: Details of IS-1 Testing
Test

Materials

Geometry

Impact Ene rgy

Uncontrolled

N-Type

Controlled

N-Type & L-Type

steel, aluminum,
1

polypropylene,
concrete, and pine

2

steel, aluminum, cast
iron, and bronze
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Testing with the IS-1 system was conducted with the West Virginia Robotic Technology
Center’s robotic workspace. The test procedure for IS-1 testing involved securing the IS-1system
to a 7 degree of freedom (DOF) robotic manipulator, and lying the specimen on the floor. A full
set up of the IS-1 test procedure is displayed in Figure 5. With IS-1 operators outside the
workspace, the robotic manipulator was moved to place the IS-1 into a perpendicular position
about 2mm from the specimen impact surface. The IS-1 operator then entered the workspace,
and ensured that the sample impact location was desirable. Force collection with the FTS was
then initiated. Next the IS-1 operator drew back and latched the carriage, manually loading the
mass-spring system to the desired impact energy. As soon as the system was stationary, the IS-1
operator released the latches and initiated impact. The carriage would then move with the
unloading mass-spring system, directly impact the sample, and rebound. After carriage
movement reached steady state, FTS recording was stopped. The specimen was moved to a
different impact location, and the aforementioned impact process was repeated—for all locations
and samples.

Figure 5: IS-1 Test Setup, with Concrete Specimen
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4.1-3 Data Collection, Extraction, and Analysis Methods
C++ software was created to collect the data from the JR3 FTS. In addition, software
used for real time force reading of the JR3 FTS was used to set the impact point at approximately
2mm spring compression. IS-1 data analysis was conducted with MATLAB. Early methods for
data extraction involved user selection and interpolation of the impact force and duration. Later
methods incorporated automated methods of data extraction. Specifically, the team investigated
data filtering, model fitting, the root mean square between impacts, and the time between
impacts. Figure 6, displays an example of the force signal components collected, specifically; the
portion of the signal in the red box was the analyzed impulse. Within the red box, the data for
hammer contact, impulse, and rebound are contained. The portion after the red box represents the
post-impact portion of the signal—e.g. data for subsequent impacts and the motion decrement.

Figure 6: Example of IS-1 Force-Time History
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4.1-4 Background of the IS-2
Analyses of the IS-1 did not yield a distinct correlation between material and the
collected metrics. For example, Figure 7 displays the maximum impact forces for each material
of Test 1; the results from test 2 and other analyses yielded similar results. If the results
displayed in Figure 7 were accurate, a relevant inference would be that the pine specimen was
stronger than the concrete specimen. Any review of the average compressive strength for these
two materials would prove this inference is unreliable. Therefore, a review of IS-1 system error
was conducted. This review yielded the sources of IS-1 system error to be:


The low FTS sampling rate



Inconsistent hammer release



Placement of the impact before full spring extension



non- isolated system vibrations

Figure 7: IS-1 Test 1, Extracted Maximum Impact Force Results
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4.2 The IS-2
4.2-1 Design
To preserve the impact sensor proof of concept, the FTS and its inherent sampling rate
could not be changed. Therefore, to address IS-1 system error, the impact mechanism was
redesigned. Figure 8 displays the impact mechanism redesign, titled the IS-2. The IS-2 uses the
same adapter plate as the IS-1 to transmit force to the JR3 FTS interface. In contrast, the IS-2
employs a collar connected spring-hammer to create the impact. The spring-hammer mechanism
is guided by a slip bearing around the central shaft. The central shaft not only guides springhammer motion, but also can be used to apply a light pre- load to secure the specimen. Specific
improvements in the IS-2 design compared to the IS-1 are:


Setting the location of hammer impact past the spring’s resting length



Tool release without latch delay



Greater post impact vibrations by using the softest spring stiffness (at 332.74
N/m) employed

Figure 8: IS-2 Component Diagram
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4.2-2 Testing
The first test sought to separate materials of different strength and structure (i.e. the
impact sensor proof of concept). Further tests with the IS-2 were conducted to evaluate the
effects of: impact location, specimen thickness, geometry, and strength. Figure 9 displays the IS2 custom test stand, created to minimize external vibrations. In addition, the custom test stand
was employed in the IS-2 robot set-up for operator pre- load control. The robot test set-up (Figure
10) was employed to evaluate the IS-2 integrated with a robotic manipulator. To preserve
operator safety the robotic manipulator was inactive while using the IS-2 robot set-up. For each
IS-2 test Table 10 displays the test purpose, specimen tested, number impacts, and system preload used. All tests beyond the proof of concept test used the IS-2 robot set-up.

Figure 9: IS-2 Custom Test Stand Diagram

Figure 10: IS-2 Robotic Setup Diagram
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Table 10: IS-2 Testing Overview
Independent

Number Of

System

Test

Materials Impacted

Variable, s

Impacts

Preload, N

1

pine, limestone, and steel

material

50

130

2

steel

location, thickness

20

130

3

aluminum

geometry

25

130

4

targeted strength concrete, chalk,

material, UCS

25

130

and shale

The procedure for both IS-2 test set-ups involved, first initializing the data collection and
real-time force reading JR3 FTS software from the IS-1. Then the desired pre- load was applied
between the IS-2 central shaft and specimen by moving the turn wheel of the test stand drive
assembly. The IS-2 operators monitored the application and maintenance of the system pre- load.
The IS-2 operator then loaded the system by moving the hammer to maximum spring
compaction. The hammer was then released to initialize hammer and specimen impact. When the
hammer-spring system reached steady state, the previous procedures were repeated to collect the
total number of impacts. After all impacts were recorded for a specimen, the JR3 FTS data
collection program was terminated and all impacts were recorded to a single file.
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4.2-3 Data Collection, Extraction, and Analysis Methods
The C++ software from IS-1 testing was used to collect and monitor the IS-2 pre-load.
The MATLAB software for the IS-2 incorporated an automated impact extraction and data
analysis routine. Specifically the software isolated and extracted impact events from the FTS
data with a two stage filter. The first stage scanned for impact start of impact by evaluating the
differences between successive points and had a threshold of 35N. The second stage evaluated
the standard deviation immediately preceding and following the points identified in the previous
stage. If the point’s post standard deviation was greater than the point’s prior standard deviation
by a fixed margin, a (63 ms) window following the selected impact start point was extracted (i.e.
the impact shock signature). Because the IS system uses a full force-time history, several metrics
can be extracted from the collected shock signals. However, four metrics were selected because
of their simplicity and similarity to SH theory. From the collected impact shock signatures the
extracted metrics were:


Maximum impact force



Minimum impact force



Post impact vibration magnitude



Time between impacts (where applicable)
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4.3 Results
4.3-1 Proof of Concept Test
Figure 11 displays the relationship for the max impact force vs. post- impact vibration
magnitude. Of the four metrics extracted from each material the max impact force vs. post
impact vibration magnitude displayed a clear material distinction. It was clear from the proof of
concept test that structurally different materials could be separated by the IS-2 post-impact
response. However, result dependencies on impact location as well as specimen thickness and
geometry were uncertain. Furthermore, the average compressive strength range of the selected
specimen from this test is vast. Further IS-2 testing investigated if specimen with overlapping
compressive strength ranges could be distinguished.

Figure 11: Proof of Concept Correlation: All Materials
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4.3-2 Impact Location and Thickness Test
The consistency test investigated the IS-2 system’s dependence on impact location and
specimen thickness. Because steel samples are used for SH calibration, the steel sample was
selected for impact location and specimen thickness investigation. Figure 12 displays the six
locations impacted, which were then grouped by the block orientation into the horizontal and
vertical impacts.

Figure 12: Impact Locations
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The varied hues of red lines in Figure 13 & Figure 14 display the force time histories for
the impacts recorded at the horizontal and vertical locations. The blue lines in Figure 13 &
Figure 14 display the average impact signature for limestone from the proof of concept test.
There is a noticeable difference (approximately 10-15%) in the maxima and minima of the
horizontal and vertical signals. However there is a vast difference (>20%) in the average
limestone signal and steel signals in Figure 13 & Figure 14. Therefore, IS-2 results are not
grossly dependent on impact location and specimen thickness.

Figure 13: Horizontal F-T Histories: All Impacts Compared to Limestone

Figure 14: Vertical F-T Histories: All Impacts Compared to Limestone
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4.3-3 Contact Geometry Test
The effect of contact geometry on IS-2 results was not well characterized. Thus, tests
were conducted to investigate the effects of contact geometry. The aluminum round and flat
samples impacted during the contact geometry test are displayed in Figure 15. Figure 16(a-b)
displays the full force-time histories for the flat (a.) and round (b.) contact geometry impacts. It
is evident that a ~20% difference exists between the round and flat impact signatures’ first local
minima and maxima (average signal comparison graph in A-4 Details of IS-2 Results). However
comparing the FT histories to that of limestone from Figure 13 & Figure 14, there is a greater
than 20% difference between both geometry’s impact signatures and the average limestone
impact signature. Therefore, IS-2 results are not grossly dependent on impact geometry.

Figure 15: Specimen Geometries for Contact Geometry Test

Figure 16: a.-Top) & b.-Bottom) FT Histories of Aluminum Flat and Round Geometries: All
Impacts
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4.3-4 Refined Strength Range Test
The final test with the IS-2 system was conducted to determine if low compressive
strength materials could be differentiated. To align testing with ARRM mission objectives, rock
specimen with overlapping UCS ranges were selected. Specifically chalk, and controlled strength
concrete-sand analogs (1, 4, and 5MPa). Figure 17 displays the minimum impact force vs. the
post impact vibration magnitude for all test specimens. All metrics displayed variance in
averages. However, the most evident correlation between materials occurred by comparing
minimum impact force and post- impact vibration magnitude. Specifically, the evident correlation
in Figure 17 is that materials of greater strength have greater minimum reaction force. For
validation, Table 11 displays the observed compressive strength of the specimen for comparison
to the Figure 17 metrics. During this test, specimen fracture occurred on the Chalk 1 core
specimen. It is possible that the Chalk 1 specimen is a n outlier to the presented observed
compressive strength range of chalk in Table 11.

Table 11: Material
Observed UCS Ranges
UCS
Material

(MPa)

1 MPa

0.8-1.0

4 MPa

0.9-4.4

5 MPa

4.1-5.1

Chalk

11-15

Shale

72-127

Figure 17: Refined Strength Range Test Correlation: All
materials

36

5. The Robotic UPV System
5.1 Robotic System Integration
In order to integrate Proceq’s commercial PL-200 system for the robotic Ultrasonic Pulse
Velocity (UPV) system, an adapter holder was created to house and secure the transducers.
Figure 18 displays the transducer housing design, and the housing’s connection to the adapter
plate, JR3 FTS, and robotic manipulator.

Figure 18: UPV Transducer Adapter Diagram

5.2 Test Specimen
To best align testing with ARRM mission specifications, the specimen selected for
robotic UPV testing were 1, 3, and 6m concrete beams—with approximately a 0.289x0.289m
cross section. A medium strength (~27-28MPa) commercial concrete mix was poured into the
desired molds by a local concrete supplier. The concrete mix was vibrated and compacted into
the molds by technicians hitting the sides of the molds with rubber mallets. For concrete to
achieve its optimal strength it must undergo a curing process. After a day of open air cure for the
top of the beams, burlap cloth was placed over the beam tops. The total water cure for all beams
was 28 days. Each day during the water cure, at approximately the same time, water was poured
over the beam tops to soak into the burlap cloth and continually water cure the beam.
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5.2 Baseline Sample Evaluation
Baseline testing with the PL-200 system, human operators, and coupling gel was
conducted to provide values for comparison to robotic UPV testing. Signals were passed across
the width of the beam (0.289m) at 25%, 50%, and 75% of the beam length (Figure 19). Four
travel times were recorded for each beam location and transducer type. Equation 1 was used to
calculate the UPV magnitude, with the variable P equal to the beams width (0.289m). Table 12
displays the average UPV magnitude for each beam organized by transducer type. Notably, the
54 kHz standard transducer has the largest UPV magnitude s, and the 54 kHz Exponential has
the smallest UPV magnitudes. Internal differences in transducer piezoelectric elements and
uncontrolled contact conditions (e.g. pressure) are possible explanations for transducer UPV
magnitude variance. The 3m beam has the smallest UPV magnitudes for each transducer type.
Therein, the 3m is most likely the least internally consistent beam tested. The 6m beam
displayed the largest UPV magnitudes for each transducer type. Therefore, the 6m beam is the
most internally consistent beam tested. The average UPV magnitude of all beams ( Table 12
column 5) varies by at most 2.8% from each beam’s average UP V Magnitude. Thus for general
comparison of RISES UPV testing and baseline testing, the average beam UPV magnitude for
each transducer type is sufficient.
Table 12: Baseline UPV Magnitudes
Trans ducer
Type

UPV Magnitude (m/s)
1m

3m

6m

Average

4,611

4,562

4,736

4,636

4,695

4,620

4,820

4,699

4,284

4,222

4,431

4,312

24kHz
Standard
54 kHz
Standard
54 kHz
Exponential

Figure 19: Baseline UPV Testing Locations
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5.3 System Testing
5.3-1 Robotic System Testing
Figure 20 displays an example of the test setup, with the 1m beam, for the robotic UPV
System. Due to robot workspace limitations, only one robotic manipulator was used during
testing. Therein, the receiving transducer’s (receiver’s) horizontal location and applied force
were controlled by the IS-2 custom test stand drive assembly. To control the receiver’s vertical
location, the IS-2 custom test stand frame was bound to a hydraulic lift. The transmitting
transducer’s (transmitter’s) location and applied force were always controlled by the 7-DOF
robotic manipulator.

Figure 20: Robotic UPV System Test Set-Up
Two tests were conducted with the Robotic UPV system. For all beams, the first test
controlled the parameters of transducer: type, applied force, and lateral offset. For each test 1
parameter, three sublevels were selected for evaluation. Table 13 displays all the selected
sublevel values for the test 1 parameters. Figure 21 illustrates a concept of the standard and
exponential transducer type. Compared to the standard type, the exponential type transducer has
a ~99% reduction in the contact interface. Because of its reduced contact interface, the
exponential type transducer is recommend for UPV testing where coupling gel may not be
applicable (e.g. very rough surfaces). For the 1 and 6m beams, the second test varied parameters
of transducer type and angular offset. Table 14 displays the values investigated for all test 2
parameter sublevels. The test 2 fixed transducer applied force (at 60N) was selected because of
observations from test 1 results. For reference, Figure 22 and Figure 23 display diagrams of the
test 1 lateral offset locations and the test 2 transmitter offset angle.
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Table 13: Independent Variables for Test 1
Parameter

Sublevel 1

Sublevel 2

Sublevel 3

Beam Length (m)

1

3

6

Applied Force (N)

20

60

100

Transducer Type (kHz)

24 Standard

54 Standard

54 exponential

Lateral Offset (cm)

0

7.6 (3 in.)

10.2 (4 in.)

Table 14: Independent Variables for Test 2
Parameter

Sublevel 1

Sublevel 2

Sublevel 3

Sublevel 4

Beam Length (m)

1

6

n/a

n/a

Applied Force (N)

60

n/a

n/a

n/a

Transducer Type (kHz)

24 Standard

54 Standard

54 exponential

n/a

Angular Offset

0°

5°

10°

20°

Figure 21: Transducer Type Concept
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Figure 23: Test 2 Angular Offset Diagram
Figure 22: Test 1 Lateral Offset Diagram

The following description will cover the procedure for a single test trial (i.e. the testing of
one sublevel configuration for all test levels). The primary difference for a test 1 and 2 single
trial procedure is the transmitter lateral and angular offset, respectively. Therefore, this
procedure will simply refer to the transmitter lateral and angular offset as “desired offset.”

Before any test procedural steps were conducted, transducer housings and JR3 FTSs were
installed on the manipulator and IS-2 test stand. Then the desired pair of transducers were
secured into their respective housings, and connected to the signal source and acquisition
system—the Pundit Lab viewer. Settings in the Pundit Lab for transducer type, measurement of
signal travel time, and file information were set before each trial. Next, the test specimen was
placed at the desired location within reach of the robotic ma nipulator. Then the IS-2 test stand
was placed within reach of the beam. A Leica laser tracking device and robot spatial navigation
software were used to measure and align transducer positions—respectively. To measure the
start position of the receiver, the hydraulic lift of the IS-2 test stand was raised to maximum
height. Next, a technician moved a laser reflector across the arc of the transducer face so a
continuous measurement could establish the position of the receiver. Next, the hydraulic lift was
lowered, and the receiving transducer moved into contact with the beam (this change in position
due to the lowering of the lift was previously characterized using the laser tracker so that the
final position of the receiving transducer is known). Because it was not applicable to space
atmospheric conditions, no coupling gel was used during robotic UPV system testing. This could
induce decreased wave transmittance into the sample, therein; increasing the signal travel time.
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From the laser tracking measurements and manipulator forward kinematics, the transmitter’s
position was aligned with the receiver’s position. This alignment was referred to as “center”
position, or for test 1, “0” transmitter offset. With the transducers at “center,” if applicable, the
desired transmitter offset was applied by moving the robotic manipulator laterally (test 1) or
angularly (test 2). Then the transmitter was moved into contact with the beam. Next, the initial
applied force was set by a technician operating the turn wheel driven gear system. Applied
transducer force was monitored on the back end of both end tools. When the test stand FTS read
the desired force, the manipulator FTS was checked. Typically, the next step would involve force
release or application, one drive system at a time, until both technician and robotic operator
confirmed that applied transducer forces were within ~5N of the target value.

With both transducers at the desired offset and applied force, robotic UPV testing
commenced. In essence, the Pundit Lab was run and used to manually gather three
measurements—with settings at 400 volts and 10000 times gain. When all of the measurements
were collected for a given offset position, the transmitter was moved, via the robotic manipulator,
to the next offset. At each offset the applied transducer force and measurement processes were
repeated. Each one of the aforementioned processes was repeated for each transducer set, and
each beam specimen. Tests for repeatability measurement were selected at random from the test
plan, and repeated after all trials with the specified transducer type.

During robotic operation and data collection, a technician remained in the robot
workspace—the workspace technician. To ensure technician safety, observers and two
emergency stops were used. During testing, one emergency stop resided with the robotic
operator and one emergency stop resided with the workspace technician.

5.3 Robotic UPV System Data Extraction and Analysis Methods
For each test, exported measurement files were placed in a folder hierarchy to associate
the measurement with a sublevel configuration (e.g. 20N applied force (where applicable), 0
offset, and 1m beam). The sublevel information for transducer type, waveform data, and
measured signal travel time could be extracted from the exported files. MATLAB software
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extracted the measured signal travel times, grouped measurements by associated sublevel
information, calculated UPV magnitudes, and plotted the UPV magnitudes for evaluation.

Equation 11 displays the calculation for UPV magnitude. Because a lateral offset was
applied to the transmitter in test 1, distance between transducers is a relationship of average
beam length (L) and lateral offset (dx). For the trials at “center” and in test 2, there was no later
offset. Thus, the distance between transducers was solely the beam length for “0” lateral offset
and all test 2 trials.
Equation 11

Trials were randomly selected from the each test plan for repetition, and a MATLAB
code was used to extract results and compute the average difference. Equation 12 displays the
calculation of the average difference. In Equation 12, the original mean signal travel time (T0 ) is
subtracted from the repeated mean travel time (Tr). The absolute value of the difference is then
compared to the original signal travel time, and that value is then converted to a percentage.

Equation 12

Averages for parameter configurations (e.g. 60N applied Transduce r Force, 0 offset) for
each transducer type and beam were calculated and compared to the ave rage baseline value for
each transducer type (Table 12 column 5). Equation 13 displays the calculation for average
difference between RISES UPV system and beam short dime nsion UPV magnitudes. In Equation
13, the average robotic UPV magnitude (UR) is subtracted from the average baseline UPV
magnitude (UB). The absolute value of the difference is then compared to the average beam
baseline UPV magnitude, and that value is then converted to a percentage.
Equation 13
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5.4 Robotic UPV System Results
5.4-1 Test 1
Table 15 displays the test 1 repeatability results. Table 15 columns 2-5 display
information about the repeated test. All parameter values were selected at random from the test
matrix. The range of the repeated tests’ average difference is 0.19-12.31%. The highest average
difference occurred with the 24 kHz standard transducer. Possible sources of the 24 kHz
standard’s average difference are varying contact condition and internal inconsistency within the
beam. On average the 54 kHz exponential transducer displayed the lowest percent difference,
and therein the highest repeatability.

Table 15: Test 1 Repeatability Information and Results
Average

Transducer

Transducer

Force

Alignme nt

Beam

Transducer type

1.33%

1m

24 kHz Standard

20N

Center

3.28%

1m

24 kHz Standard

20N

Center

12.31%

3m

24 kHz Standard

100N

Center

7.40%

3m

54 kHz Standard

20N

Center

0.34%

3m

54 kHz exponential

60N

Center

0.33%

6m

54 kHz exponential

100N

Center

1.79%

6m

54 kHz Standard

60N

Center

0.19%

6m

24 kHz Standard

60N

Center

Difference
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Figure 24, Figure 25, and Figure 26 display the UPV magnitudes for their respective
transducer type (figure title) grouped by transmitter lateral offset and beam length (black dashed
lines). Figure 24, Figure 25, and Figure 26 separate measurements made on each beam specimen,
respectively, by the applied transducer forces of 20N, 60N, and 100N with red, green, and blue
points. A transmitter offset of “0” refers to no lateral offset. Tra nsmitter offsets of “3” and “4”
refer to 3 and 4in. lateral offsets, respectively. The red line, in each figure, represents the the
average UPV magnitude from baseline testing (Table 12).

For each transducer type Table 16, Table 17, and Table 18 display the average %
difference between the baseline beam testing and robotic UPV test 1 results. The average %
difference was calculated with Equation 13 and organized by applied transducer force, and beam
length. The transmitter lateral offset was not included as an organizational parameter, because
analysis of test 1 parameter mean variance (see Appendix A-8 Robotic UPV Test 1 ANOVA FTest Statistics) displayed that transmitter offset was not significantly affecting the result mean.
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For all beam lengths, Figure 24 displays a decrease in UPV magnitude as beam length
increases. Conversely, the 24kHz transducer in all configuarations displays in Figure 24 that
UPV magnitude increases as applied transducer force increases. Because all UPV values are
below the baseline testing value, the difference between 24 kHz standard transducer values and
baseline results increases with increasing beam length. However, Figure 24 does not display a
correlation between UPV magnitude and transmitter offset.

Figure 24: Test 1 UPV Magnitudes, 24 kHz Standard Transducer—All Configurations
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Table 16 displays that the average difference between the baseline and 24 kHz standard
transducer results. The average diference is greatest at 20N on the 6m beam. The least average
difference is at 100N on the 1m beam. There is at most a 26.9% variance between the 20N and
60N Transducer force average difference values. For a single beam length, the 60N and 100N
transducer force average differences vary by at most 4.5%. Thus, it is plausible that 60N
minimum applied transducer force is sufficient for RISES UPV testing with the 24kHz standard
transducer. Decreased wave transmission (i.e. lack of coupling gel) or large variance in path
lengths may be the source the greater than 10% difference between baseline and RISES UPV
testing with the 24kHz Transducers.
Table 16: Baseline and 24 kHz Standard Results Comparison
Average Difference

Transducer Force, N

Beam Length, m

33.10%

20

1

32.72%

20

3

50.58%

20

6

13.41%

60

1

23.91%

60

3

23.72%

60

6

10.46%

100

1

19.37%

100

3

22.31%

100

6
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Figure 25 displays a decreasing trend between UPV magnitude and beam length. Because
all of UPV magnitudes are below the baseline testing value, difference in baseline and 54 kHz
standard values increases with increasing beam length.There is not a certain increasing trend
between UPV magnitude and applied transducer force in Figure 25. The trend between UPV
magnitude and transducer force is uncertain because, at the lateral offset “3” on the 6m beam, the
100N UPV magnitudes are less than the 60N UPV magnitudes. It is possible that the lack of
coupling gel, and low pressure between the sample and transmitter interface lead to zero wave
transmission. The 1m beam results display a ~5% decreasing trend between UPV magnitude and
transmitter lateral offset. However, this trend is not observable for the 3m and 6m beams. When
testing with the 54 kHz standard transducer type, lateral offset appears to be less significant as
beam length increases.

Figure 25: Test 1 UPV Magnitudes, 54 kHz Standard Transducer—All Configurations
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Table 17 displays the average difference between baseline and 54 kHz standard UPV
magnitudes. The average difference between baseline and the 54 kHz standard results is greatest
at 60N transducer force and on the 6m beam. It is possible that this finding is incorrect. The lack
of 20N values at the “0” and “4” lateral offset, on the 6m beam, allude that if a value were
recorded at 20N it would have greater variance from the baseline results than the 60N values.
The smallest average difference, at 4.55%, occurred with 100N transducer force on the 1m bea m.
Excluding the results from the 6m beam, there is at most 3.6% variance in the 60N and 100N
average differences—respective to a single beam length. There is approximately a 10.4%
variance in the 20N and 60N average difference values for a single beam length. Thus, RISES
UPV system testing with the 54 kHz transducers produces more comparable results to the
baseline testing with a minimum of 60N transducer force.
Table 17: Baseline and 54 kHz Standard Results Comparison
Average Difference Transducer Force, N Beam Length, m
11.67%
20
1
33.03%
20
3
34.00%
20
6
5.27%
60
1
22.66%
60
3
44.24%
60
6
4.55%
100
1
19.07%
100
3
23.65%
100
6
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Similar to other transducer types, Figure 26 displays a decreasing trend between UPV
magnitude and beam length with the 54 kHz exponential transducers—for all configurations.
There is not a clear trend between the 54 kHz transducer and baseline testing results. In addition,
Figure 26 displays an increasing trend between UPV magnitude and applied transducer force.
With the exception of the 6m beam, Figure 26 displays a similar decreasing trend between UPV
magnitude and transmitter offset—for all configurations. Thus, transmitter lateral offset matters
more for the 54 kHz exponential transducer than other transducers.

Figure 26: Test 1 UPV Magnitudes, 54 kHz Exponential Transducer—All Configurations

50

Table 19 displays that the greatest variance between the average baseline UPV magnitude
and 54 kHz exponential transducer results occurs at 20N transducer force on the 3m beam. The
greatest average difference most likely occurred during 3m beam testing due to the effects of the
3 and 4 in. lateral offsets (Figure 26). The least average difference value occurred from trials at
100N transducer force on the 3m beam. When comparing the 20N, 60N, and 100N transducer
force average differences from the baseline results, the 60N and 100N only vary by ~1% and the
20N and 60N vary by ~7.3%. Thus, for the 54 kHz exponential transducer a minimum applied
for of 60N is favorable for comparison to baseline results. The 54 kHz exponential transducers
are the only transducers to produce greater UPV magnitudes than the baseline testing. It is
possible that the robotic UPV System applied higher pressures to the 54 kHz exponential
transducers than human operators can comfortably maintain. The increased pressure between the
transmitter interface and sample may cause the robotic UPV system to have greater signal
transmittance.
Table 18: Baseline and 54 kHz Exponential Results Comparison
Average Difference Transducer Force, N Beam Length, m
4.36%
20
1
10.01%
20
3
9.54%
20
6
5.69%
60
1
2.73%
60
3
8.19%
60
6
6.05%
100
1
1.83%
100
3
7.33%
100
6
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5.4-2 Test 2
Table 19 displays the relevant information about the repeated tests and the results of the
repeatability analysis. Table 19 column 1 displays the calculated percent difference between the
average of the repeated and original test values. Table 19 columns 2-3 display information about
the repeated test. Notably, the 0° angular offset was randomly selected for every repeated test.
All transducer types were selected for the repeated tests. The range of the repeated tests’ average
difference is from 0.18-17.85%. On average the 54 kHz exponential type transducer displayed
the most repeatable test 2 measurements. The least repeatable measurements were obtained on
the 6m beam with the 54 kHz standard transducer. The source of error in the 54 kHz standard
transducers could be inherent to the contact conditions or specimen internal consistency.
Table 19: Test 2 Repeatability Information and Results
Average
Difference

Beam

Transducer type

Angular
Offset

3.04%

1m

54 kHz Standard

0º

15.17%

1m

24 kHz Standard

0º

0.18%

1m

54 kHz Exponential

0º

17.85%

6m

54 kHz Standard

0º

2.04%

6m

24 kHz Standard

0º

0.62%

6m

54 kHz Exponential

0º

Figure 27, Figure 28, and Figure 29 display the calculated UPV magnitudes for their
respective transducer type (figure title) grouped by beam length (black lines) and angular offset.
The points are positioned over the respective number corresponding to their angular offset. For
instance, “5” refers to a 5° offset between the specimen surface and transducer face. The red line,
in each figure, represents the average baseline UPV magnitude for each transducer type.
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Figure 27 does not display any global trends. However, within the 1m beam grouping, a
general decreasing trend appears between UPV magnitude and angular offset. Therefore, for
shorter path lengths the transmitter angular offsets can affect the 24 kHz standard’s UPV
magnitude. Also, as the 1m beam angular offset increases the difference between test 2 and
baseline results increases. Variation in the incidence angle of the transmitted ultrasonic wave
could explain the decreased 1m UPV magnitudes in Figure 27.

Figure 27: UPV Magnitudes for the 24 kHz Standard Transducer: All Tested Beams
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Figure 28 displays a general decreasing trend for UPV magnitude and beam length. In
addition, Figure 28 displays a decreasing UPV magnitude as angular offset increases. Thus,
Figure 28 displays that the difference between baseline and 54 kHz standard UPV magnitudes
increase as angular transmitter offset increases. Note that Figure 28 does not display UPV values
at the 20° angular offset on the 6m beam, because signals were not received. Signals on the 6m
beam may not have been received, because at the 20° offset only the outside chamfer of the 54
kHz transducer was in contact with the specimen. On the 6m beam, there is about a 24% mean
UPV difference between the average at 0° offset and increments that are greater than 5°. The
changing incident angle of the wave transmission combined with beam wave attenuat ion could
explain the general angular offset mean differences.

Figure 28: UPV Magnitudes for the 54 kHz Standard Transducer: All Tested Beams
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In Figure 29 there appears to be a global decreasing trend between UPV magnitude and
beam specimen. However, with the 54 kHz exponential transducer, there is not trend between
test 2 and baseline results. Within each beam specimen, Figure 29 displays a decreasing trend
between UPV magnitude and angular offset. For the 6m beam, the greatest decrease in mean
UPV magnitude (~12%) occurs at the 20° offset. The decrease in mean UPV magnitude at the
20° offset could be attributed to incident angle of the transmitted wave. At angular offsets greater
than 0°, it is possible that the focused transmitted wave takes a longer path to reach the receiver.
In addition, energy is lost where the wave path rebounds against the beam free-boundaries. Thus,
the disparities between the 6m beam and the 1m beam at angular offsets greater than 0° could be
explained by extended signal travel path from incident wave angle.

Figure 29: UPV Magnitudes for the 54 kHz Exponential Transducer: All Tested Beams
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6. Discussion of Results and Implications
6.1 The IS-2 system
6.1-1 Summary of IS-2 Results
The proof of concept for the Impact Sensor system has been proven through IS-2 testing.
With an impact mechanism, FTS, and 7-DOF robotic manipulator materials with different
compressive strengths are distinguishable from IS-2 data correlations (Figure 11 & Figure 17). In
addition IS-2 results are not adversely affected by impact location, specimen thickness, or
contact geometry (Figure 13, Figure 14, and Figure 16). For further result details on all IS-2 tests,
see appendix (A-2 Further IS-1 Results).

It may be concerning to see that maximum or minimum impact forces recorded with the
IS-2 are, at times, greater than 200N. Thus, it must be noted that IS-2 force metrics are
essentially instantaneous and impart less than 0.08 Ns impulse to the system. However, all IS-2
metrics could be greater. There is missing information in all IS-2 result force-time histories,
because the JR3 FTS is under sampling the data. The graph of the numbered limestone impacts
from the proof of concept test, in Appendix A-4 Details of IS-2 Results, alludes that there is nonsequential variance for all impacts taken at a single location. Common knowledge would lead
one to believe that a trend should occur from multiple impacts at one location. Thus, missing
information from under sampling is a possible explanation of greater than 20% metric variance at
a single impact location.

6.1-2 IS-2 Operational Parameters
To achieve further meaningful results operational guidelines for the IS-2 must be
established. Relevant parameters and suggested standards specific to IS-2 test trials are displayed
in Table 20. Regarding the system pre- load, data outliers occurred when the applied load from
the central shaft decreased by greater than 40N following impact. It is recommended that the preload be set at a minimum of 130N, and reapplied whenever a preload decrease greater than 40N
occurs.

56

While Schmidt Hammer theory provided the basis for the IS-2 methodology, the IS-2
system is not a Schmidt Hammer (SH). Thus, it should be noted that IS-2 testing deviates from
ASTM and ISRM recommended SH guidelines. The greatest IS-2 deviation from SH ASTM and
ISRM recommendations is the standard of 20 repeated impacts per location. To avoid variance
from micro-structural destruction, ASTM and ISRM SH guidelines suggest taking at least 10
impacts at separate locations [34][36]. However, the impact location and thickness test results
(Figure 13 & Figure 14) display that repeated impact locations vary by less than 10%. In addition,
the graph of numbered limestone sequential impacts (in Appendix A-4 Details of IS-2 Results)
displays that a correlation does not exist between metric variance and repeated impacts. Thus,
multiple repeated impacts with the IS-2 can be performed without invalidating material metric
correlations.

To minimize frictional forces and maximize input gravitation potential energy in the
mass-spring system, the orientation of the IS-2 impact mechanism was always vertical—with
little to no deviation. For optimal results further ground testing of the IS-2 system should ensure
that the IS-2 impact mechanism’s orientation is vertical. Finally, the drawback of the IS-2 system
by manual operator involved minimizing any non-vertical loads and consistently drawing the
system back by a two point grip. Thus, for comparable results, any autonomous IS-2 drive device
must possess a dual contact point drive system that minimizes lateral input forces. In addition,
any IS-2 drive system cannot add mass or additional vibrations to the IS-2 impact mechanism.
For reference, a suggested IS-2 drive system concept is provided in Appendix (A-5 IS-2
Autonomous Drive Concept).
Table 20: IS-2 Operational Standards
Parameter
IS-2 Standard
Pre-load
130N minimum should be applied and
maintained
Number of Repeated Impacts
20 minimum
Impact Mechanism Orientation
Vertical
Mass-Spring Loading
The device should be loaded with a two point
grip and minimal lateral forces. Then, at the
solid length of the spring, the grip should be
released simultaneously.
Data Analysis
A multi-dimensional generalized regression
neural network is suggested
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Due to the deviation in standards, and missing impact information it is imprudent to
directly compare the Schmidt Rebound number and IS-2 metrics. Comparing the Schmidt
Hammer and IS-2 methodologies, the advantage of the IS-2 is that a multitude of metrics can be
extracted from a force-time history. Within this thesis, two-dimensional correlations were
displayed to fundamentally validate the IS system proof of concept. However, all extracted
metrics with the IS-2 system provide material correlations. Thus, a multi-dimensional algorithm
is beneficial to increase IS-2 accuracy. For increased accuracy with high dimensions of data, a
generalized regression neural network (GRNN) is optimal. The GRNN, in parallel, maps multidimensional spaces from higher to lower dimensions. The mapping or estimation accuracy is
governed by the data used to train the network. The GRNN’s estimation becomes more accurate
as the training data set becomes larger. Thus, the IS-2’s multitude of metrics is optimal for use in
a GRNN, because it can provide more than sufficient training data for the network. Furthermore
the GRNN neural network “learns” in one pass, making it a “fast learning neural network.” Fast
learning neural networks will be more advantageous for an autonomous robotic system, because
it reduces computational cost. The simple GRNN has four layers: input, pattern, summation, and
estimation output—with several “neurons” to estimate the output [41].

If the simple GRNN structure was applied to IS-2 data analysis, it would have several
pattern and summation “neurons” to estimate the material and/or UCS. In essence, every pattern
“neuron” can either be a mapping of IS-2 metrics to material or UCS. The summation layer, with
weighted adjustment parameters, would then create an estimation of the output from the
combination of all “neurons” [41]. In addition, it is possible that multiple pattern and summation
layers could be developed to first classify the IS-2 input data into a material type, and then
approximate a UCS with the following layers. Therein, the development of a GRNN for IS-2
results would increase estimation accuracy from IS-2 results.
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6.2 The Robotic UPV System
6.2-1 Robotic UPV System Results Summary
Test 1 results (Figure 24, Figure 25, and Figure 26) displayed that for all transducer types,
and most trials, UPV magnitude decreased with increasing beam length. This trend is most likely
a result of lost wave energy from compounding ultrasonic signal interference (i.e. attenuation).
For most test 1 trials, UPV magnitude increased as transducer force increased. A general trend
was not found between UPV magnitude and transmitter offset. Four-way ANOVA analysis (in
Appendix (A-8 Robotic UPV Test 1 ANOVA F-Test Statistics)) performed on the Test 1 results
displayed that the transducer type, transducer applied force, and beam length parameters affected
UPV magnitude average. Therefore, test 1 validated that a robotic system with approximately a
4in. misalignment will not significantly affect UPV magnitude. Some signals with the 54 kHz
standard transducer were not received at 20N applied transducer force. The results of Table 16,
Table 17, and Table 18 displayed that the average difference between Test 1 and Baseline results
was essentially the same for force intervals of 60N to 100N, but more variant for intervals of
20N to 60N. Furthermore, because force was identified as a significant test parameter, an
approximate applied transducer force of 60N is suggested for robotic UPV system operation. The
test 1 repeatability analysis displayed that the 54 kHz exponential transducers were the most
repeatable (Table 15). In addition, the least average difference between baseline and test 1 UPV
magnitudes were attained from 54 kHz exponential transducer measurements. Test 1 validated
the proof of concept that a robotic UPV system can receive ultrasonic signals over the full
specimen size range specified for ARRM [2].

The minimum 60N applied transducer force was applied to all test 2 trials. Test 2 results
(Figure 27, Figure 28, and Figure 29) displayed a general decreasing UPV magnitude between
the 0° and 5° angular offsets. At angular offsets greater than 5°, only the 54 kHz exponential type
transducer displayed decreasing UPV magnitude as angular offset increased. This trend is most
likely due to a longer wave path, caused by the wave’s incident transmission angle. Contact
between the 54 kHz standard transmitter and specimen was lost at the 20° offset, and thus,
ultrasonic signals were not received. The test 2 repeatability analysis displayed that the 54 kHz
exponential transducer was the most repeatable (Table 19). The results of test 2 validated that a
robotic UPV system can receive signals with single point transmitter contact conditions.
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6.2-2 Robotic UPV System Suggested Ope rational Parameters
The results of robotic UPV system testing formed the basis for the suggested operational
parameters. To reiterate, approximately 60N applied transducer force was suggested for system
operation. When the wave path is at least 1m long, test 1 results confirm that transducer pairs can
be misaligned by at most 10cm (4in.) without significantly affecting UPV magnitude (<10%). In
addition, test 1 confirmed that the robotic UPV system can operate on specimen up 6m long. The
test 2 results confirm that the transmitter angular offsets up to 20°, for the 54 kHz exponential
transducer, will slightly (<15%) affect the UPV magnitude. The transducer type repeatability
results from both tests display that the 54 kHz exponential transducer was the most repeatable.
Furthermore, a review of Table 18 displays that the results of the 54 kHz exponential type have
the least variance from baseline results. Thus, the 54 kHz exponential transducer is the most
optimal transducer for current operation of the robotic UPV system. Because 54 kHz exponential
UPV magnitudes were greater than the baseline testing, further data analysis suggests using only
robotic UPV system testing for baseline results. However, it is plausible that the higher 54 kHz
exponential UPV magnitudes were attained because the robotic UPV system applied a higher
pressure than possible with the baseline (human operator) system. The higher transducer pressure
may cause greater wave transmittance, and therein faster signal travel times. Thus, as opposed to
transducer force, investigation of transducer pressure may benefit robotic UPV operational
standards.

Table 21: Robotic UPV Operational Standards
Parameter
Transducer Type
Transducer Force
Lateral Offsets
Angular Offsets
Specimen Lengths
Coupling gel use
Data Analysis

Robotic UPV Standard
Fro m test 1 and 2 results, the 54kHz exponential type is the most optimal
(all further standards developed for this transducer type and suggested
transducer force)
60N min imu m
Will slightly affect the UPV magnitude(<10%), offsets below 4in. will
produce the most optimal results
Will slightly affect the UPV magnitude (<15%), offsets <5° will produce
the most optimal results
Increasing specimen length by 5m, will decrease UPV magnitude (>10%).
When comparing length 5m or greater, investigation of a correction factor
is suggested
For further result comparison and extra -terrestrial environments, use is not
recommended
Further test results should be compared to solely robotic UPV system tests
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6.3 General Conclusions
Both systems have the ability to provide useful information about the specimen under test,
and have contributed to the field of robotic non-destructive testing. Experiments with the IS-2
system provided that correlations between impact force-time history metrics and different
strength materials can be acquired. In its current state, the IS-2 correlations (Figure 11 & Figure
17) are most suitable for coarse UCS range approximation. Thus the IS-2 system is currently
applicable to robotic precursor applications where concise precision of strength is not necessary
(e.g. characterization for drilling or anchoring bit selection). The IS-2 system can be refined by
the creation of an autonomous drive system (Appendix A-5 IS-2 Autonomous Drive Concept).
Furthermore, IS-2 data analysis and estimation accuracy can be refined by the development of a
custom generalized IS-2 regression neural network. The robotic UPV system contributed to
future robotic UPV testing by providing operational standards (Table 21). In addition, robotic
UPV test 1 results confirmed that UPV signals are retrievable at ARRM and robotic precursor
mission specimen lengths. Investigation of transducer pressure may aid robotic UPV operational
standards. Because higher UPV magnitudes than the baseline testing value were recorded, it is
suggested that further results use robotic UPV testing results as baseline results.

The experiments provided in this thesis have by no means fully developed the matured
flight systems. For instance, neither robotic system has been tested in relative environments to
the final application. However, they have provided the basis of understanding that will be built
upon to develop RISES technology for space exploration objectives and beyond.
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Appendix
A-1 IS-1 Technical Details
JR3 Specifications
PARAMETER

VALUE

NOMINAL ACCURACY (% MEASURING
RANGE)

+/- 0.25

FZ STANDARD MEASUREMENT RANGE
(N)

+/- 2000

FZ STANDARD RESOLUTION (N)
FZ STIFFNESS (N/M)
SAMPLING RATE (kHz)

0.25
470E6
8
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A-2 Further IS-1 Results

IS-1 Test 2 Results
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A-3 IS-2 Technical Details
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A-4 Details of IS-2 Results
Proof of Concept Test Campaign
Specimen

Metric Ranges (min, max)
Post Impact
Time Bet ween
Impacts, ms

Vibrat ion

Max Impact Force,

Min Impact Force, N

N

Magnitude, N

Limestone

n/a

39.90, 86.10

121.49, 262.40

-183.67, -395.03

Pine

n/a

23.13, 33. 60

175.79, 298.24

-81.18, -227.79

Steel

n/a

28.81, 42.03

87.15, 135.07

-78.87, -163.98

Consistency Test Campaign
Specimen

Metric Ranges (min, max)
Post Impact
Time Bet ween
Impacts, ms

Vibrat ion
Magnitude, N

Max Impact Force,

Min Impact Force, N

N

Horizontal 1

n/a

15.64, 18.86

84.97, 131.00

-62.17, -93.12

Horizontal 2

n/a

14.84, 19.21

79.95, 123.67

-64.75, -95.16

Horizontal 3

n/a

10.84, 17.62

58.24, 87.83

-58.78, -106.16

Vertical 1

n/a

15.89, 19.72

52.56, 99.82

-60.30, -80.12

Vertical 2

n/a

14.16, 16.76

48.62, 63.83

-51.88, -84.06

Vertical 3

n/a

8.98, 12.23

45.75, 72.63

-51.86, -89.19

Contact Geometry Test Campaign
Specimen

Metric Ranges (min, max)
Time Bet ween
Impacts, ms

Post Impact
Vibrat ion

Min Impact Force,
Max Impact Force, N

N

Magnitude, N
Aluminu m Flat

~45

44.51, 82.41

160.86, 312.90

-164.39, -632.59

Aluminu m Round

~45

38.10, 80.22

123.94, 226.97

-474.71, -158.28
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Analogous Materials Test Campaign
Specimen

Metric Ranges (min, max)
Time Bet ween
Impacts, ms

Post Impact
Vibrat ion

Max Impact Force,
N

Min Impact Force, N

Magnitude, N
1MPa Concrete

n/a

36.80, 90.44

69.26, 105.93

-83.79, -118.42

4MPa Concrete

n/a

87.59, 107.69

94.38, 123.72

-86.24, -157.94

5MPa Concrete

n/a

85.83, 167.58

74.42, 108.51

-125.34, -187.14

Chalk 1

n/a

53.10, 118.01

63.69, 159.30

-71,43, -160.11

Chalk 2

n/a

52.69, 141.37

37.89, 113.94

-175.19, -333.67

Shale 1

n/a

67.22, 141.51

90.72, 151.69

-244.72, -504.51

Shale 2

n/a

74.56, 144.49

99.68, 187.68

-316.69, -517.00

Proof of Concept Repeated Impact Validation
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Contact Geometry Comparison Validation
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A-5 IS-2 Autonomous Drive Concept

IS-2 Autonomous Drive: Top View

IS-2 Autonomous Drive: Gripper Detail
72

A-6 Robotic UPV Transducer Housing Detail

A-7 Details of Robotic UPV Results

Parameter

Level 1

Test 1
Level 2

Level 3

UPV (km/s) (min, max)
Lateral Offset

3.71, 3.83

3.76, 3.88

3.64, 3.77

Applied Force

3.37, 3.50

3.77, 3.89

3.97, 4.09

Trans. Type

3.37, 3.50

3.57, 3.70

4.18, 4.30

Beam Length

4.12, 4.24

3.69, 3.81

3.30, 3.43

Parameter

Level 1

Test 2
Level 2

Level 3

Level 4

UPV (km/s) (min, max)
Beam Length

2.60, 4.56

2.08, 4.16

n/a

n/a

Trans. Type

2.60, 3.53

2.08, 4.54

3.63, 4.56

n/a

Angular Offset

2.39, 4.56

2.08, 4.55

2.09, 4.51

2.60, 4.46
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A-8 Robotic UPV Test 1 ANOVA F-Test Statistics
For further information about the Statistical F-Test see [42] . The P-value is analogous to
a parameter’s significance level. P-values below 0.05 imply a parameter is above 95%
significance. Thus the lesser the P-value, the greater the parameter’s significance on the UPV
magnitude set’s mean.
Parameter

F-value

P-value

Lateral Offset

2.22

0.1113

Trans. Applied Force

66.28

9.0728e-24

Trans. Type

132.43

8.2941e-40
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